A new thio-germanium sulfide Li2Ga2GeS6 has been synthesized for the first time and its structure was found to be isomorphous with AgGaGeS4, which is well-known as a promising infrared NLO material. The host structure is built of GaS4 tetrahedra linked by corners to GeS4 tetrahedra to create a 3D framework forming tunnels along the c-axis, in which the Li+ions are located. The second harmonic generation (SHG) efficiency determined on powders of Li2Ga2GaS6 is 200 times larger than that of α-SiO2. Unlike AgGaS2 and AgGaGeS4, Li2Ga2GeS6 was observed to be very stable under prolonged Nd:YAG 1.064 μm laser pumping, indicative of a large improvement in laser damage threshold. This new material could supplant Ag phases in the next generation of high-power infrared NLO applications.
Introduction
One of the simplest ways to design new types of lasers is to convert the frequency of known lasers into new frequencies through nonlinear optical (NLO) materials. The development of numerous NLO crystals such as -BaB 2 O 4 (BBO), 1,2 LiB 3 O 5 (LBO), 3 AgGaS 2 (AGS), [4] [5] [6] [7] and AgGaGeS 4 (AGGS) [8] [9] [10] [11] [12] has led to significant advances in the laser device applications from ultraviolet to infrared spectral wavelengths. Although oxidebased NLO materials have generally been applied in ultraviolet (UV) and visible high power applications because of their high laser damage thresholds and their good transmission from the near-infrared (NIR) to UV range (0.16-5.5 µm), sulfur-based NLO materials have been largely used for frequency conversion in the infrared (IR) spectral range because of their improved IR transmission region (0.4-15 µm). More recently, a new approach to design all-solid state mid-IR laser sources from the widely used solid-state Nd:YAG laser and a set of frequency converters have been reported. 13 The critical part of this system is the frequency converters (NLO crystals) which should efficiently shift the 1.064 µm light of the Nd:YAG laser to wavelengths beyond 4 µm. Unfortunately, most of the reported infrared NLO crystals have some serious limitations. The major drawbacks of IR frequency converters with the Nd:YAG laser radiation pumping are the high value of the optical losses at short wavelengths due to their poor transparency 6 and low laser damage thresholds because of the low energy band gaps.
14 For example, AgGaS 2 is the most common and technologically mature material for NLO applications in the mid-IR range based on such characteristics as the second harmonic generation (SHG) coefficient, transparency range, single-crystal growth, and absorption coefficient. However, its application in the midinfrared region is limited because of its low laser damage threshold. 15 The search for better infrared NLO materials has resulted in the development of the quaternary compound AgGaGeS 4 , 8 which is formed by the solid solution between the parent AgGaS 2 and GeS 2 in which the laser damage threshold increased with the addition of GeS 2 to AgGaS 2 . The improved laser damage threshold in AgGaGeS 4 has made it a promising alternative to the widely used AgGaS 2 for a frequency downconverter with a Nd:YAG laser application pumping as well as many other applications. In our previous research efforts, 16 thioborate materials based on boron sulfide had been proposed for a new class of infrared NLO materials. It was found that thioborate crystals based on (BS 3 ) 3-structural units showed strong SHG effects when pumped with the Nd:YAG laser, a wide transparency range from the visible to the mid-IR region (0.35-10 µm), and especially strong laser damage threshold compared to other sulfur-based NLO materials. However, the number of the reported thioborate crystals with noncentrosymmetric structures is extremely limited. 16 In addition, the experimental difficulty of synthesizing new thioborate crystals 16, 17 have retarded further progress in developing thioborate crystals as new infrared NLO materials.
The extensive search for new and better infrared NLO materials, especially sulfur-based materials, has continued and these efforts have yielded a new sulfide compound, Li 2 Ga 2 GeS 6 . Its structure was found to be noncentrosymmetric which is a necessary criterion for NLO properties. In addition, the structure of Li 2 Ga 2 GeS 6 was later shown to be isostructural with AgGaGeS 4 , (v. i.) which, as discussed above, has been found to be a promising NLO material for IR applications. In this paper we report the crystal structure and preliminary optical characterization of a new thiogermanium-galium phase, Li 2 Ga 2 GeS 6 . This material is phase-matchable with a large SHG efficiency of ∼200 × R-SiO 2 when probed at Nd:YAG 1.064 µm laser pumping. In addition, there is a large improvement in the laser damage threshold of Li 2 Ga 2 GeS 6 compared with that of AgGaGeS 4 .
Experimental Section
Preparation. RT (1) A mass of the crystalline phase (major phase) was observed on the bottom of the quartz tube. This crystalline phase was completely separated and single crystals were selected for X-ray diffraction data collection. A yellowish-white powder was obtained from grinding the remaining phase. Powder X-ray diffraction data were collected on a Scintag XDS2000 diffractometer using Cu KR (λ ) 1.5406 Å); it was operated at 40 kV and 30 mA with step size 0.02 (See Supporting Information).
Single-Crystal X-ray Diffraction Measurements. The crystal evaluation and data collection were performed at 193 K on a Bruker CCD-1000 diffractometer with Mo KR (λ ) 0.71073 Å) radiation and detector to crystal distance of 5.03 cm. The crystal was twinned, so no initial cell constants were obtained from three series of ω scans at different starting angles. While the profiles of reflections were sharp, at least 4 crystallites were found using the program RLATT routine in the SHELXTL program. 19 The data were collected using the full sphere algorithm. Four sets of frames with 0.3°scan in ω with an exposure time 20 s per frame were used. The reflections belonging to one individual crystallite were separated from all the data sets using RLATT and integrated with SAINT routines. 19 The systematic absences in the diffraction data were consistent with the unique space group Fdd2 (No. 43). The positions of all atoms were found by the direct method. All atoms were refined in a full-matrix least-squares procedure using absorption corrected intensities using SADABS 20 and anisotropic displacement parameters. Details of the data collection and structure refinement are listed in Table 1 . The final atomic positions and the equivalent displacement parameters are in Table 2 .
IR Spectroscopy. The mid-and far-infrared absorption spectra of the polycrystalline powder were recorded in the range of 4000 to 400 cm -1 and 750 to 150 cm -1 , respectively, with the use of a Bruker IFS 66 v/s spectrometer. Two milligrams of each sample were ground with 100 mg of CsI into a fine powder and pressed into pellets for transmission measurement. The IR spectra typically were obtained using 32 scans at a 4 cm -1 resolution. UV/VIS/NIR Spectroscopy. The UV/VIS/NIR spectra were recorded in the range of 200 to 3000 nm at room temperature using a PE Lambda-19 spectrometer. The UV/VIS/NIR spectra of the samples were obtained using the KBr pellet method. Two milligrams of the sample were ground with 100 mg of KBr, previously dried at 300°C, and pressed into pellets for spectroscopic measurements.
Second-Harmonic Generation Measurements. The secondorder nonlinearity of the powder sample of Li 2 Ga 2 GeS 6 was examined using a modified Kurtz-NLO system with a 1.064 µm Nd:YAG laser. 27 Polycrystalline Li 2 Ga 2 GeS 6 was ground and sieved into distinct particle size ranges, <20, 20-45, 45-63, 63-75, 75-90, and 90-125 µm. They were placed in separate capillary tubes. To make relevant comparisons with known SHG materials, R-SiO 2 and LiNbO 3 were ground and sieved into the same particle size ranges and placed into separate capillary tubes. For AgGaS 2 and AgGaGeS 4 samples, the particle sizes ranging from 45 to 63 µm were used for the SHG efficiency measurements. The samples were exposed to a Nd:YAG laser at 1.064 µm and the filtered SHG light, 0.532 µm, was collected in reflection and detected by a photomultiplier tube (Oriel Instruments). A digital oscilloscope (Tektronix TDS 3032) was used to display the SHG signal. The powder SHG properties of the samples were expressed as the comparative intensity [I 2ω /I 
Results and Discussion
The crystal structure of Li 2 Ga 2 GeS 6 was determined by single crystal X-ray diffraction methods. It crystallizes in the non-centrosymmetric orthorhombic space group Fdd2 (No. 43), a ) 11.943(5) Å, b ) 22.590(8) Å, c ) 6.805(2) Å, and Z ) 8. Its crystal structure was found to be an isomer of AgGaGeS 4 12 * which is a well-known infrared NLO material, but AgGaGeS 4 has slightly different unit cell dimensions due to the slightly larger Ag + ion. There are two tetrahedral sites, M1 and M2, for Ga and Ge atoms in the structure of Li 2 Ga 2 GeS 6 . However, the question of ordering of Ga and Ge on the tetrahedral sites is not possible to be answered by this X-ray investigation because the scattering factors of Ga and Ge are so similar with respect to X-rays. Initially M1, position 16b of the space group and M2, position 8a, were labeled arbitrarily. At the conclusion of the refinement the valence bond sums (VBS) around the atoms indicated that M1 is Ga, VBS ) 3.38 and M2 is Ge, VBS ) 3.64. 21 In other similar sulfide compounds, such as AgGaGeS 4 12 and KGaGeS 4 , 22 Ga and Ge were reported to randomly occupy both tetrahedral sites due to their similar sizes and coordination preferences. The results of our crystal structure determination indicate that the site occupancies in major part are by a single atomic species as shown by the valence bond calculations. Figure 1 shows the unit-cell crystal structure of Li 2 -Ga 2 GeS 6 parallel to the c-axis. In this view of this structure GeS 4 tetrahedra are isolated and are connected by four GaS 4 tetrahedra (Figure 1 ) to form the 3D framework. The GeS 4 tetrahedra are formed by two S3 and two S1 atoms. Each S3 corner atom of each GeS 4 tetrahedron is shared by one GaS 4 and two LiS 4 tetrahedra, whereas each S1 is part of one GeS 4 tetrahedron and one LiS 4 tetrahedron. The GaS 4 tetrahedra form an infinite chain by corner sharing of two S2 atoms; two different chains exist in the a-c plane forming an acute angle with each other and are cross connected by GeS 4 tetrahedra, Figure 2a . The Li atoms in distorted tetrahedral coordination form an infinite chain parallel to the c-axis and perpendicular to the a-b plane by corner sharing of the S3 atoms, Figure 2b .
The interatomic distances and angles for Li 2 Ga 2 GeS 6 are listed in Table 3 . The bond lengths of the main group elements with sulfur are similar to those observed in AgGaGeS 4 . 12 The lithium atom occupies the 16b position of Fdd2 but shows a relatively large displacement parameter indicative of possible lithium disorder. Least squares refinement on its occupancy converges to 0.53(9) with a reasonable displacement parameter. The charge imbalance due to the Li vacancies is most likely compensated by a sulfur vacancy. However the refinement to look for such a small electron density difference was not successful. The R 1 values of the two models remains the same and we choose to report the charge-balanced stoichiometry. Figure 3 shows the IR spectrum of Li 2 Ga 2 GeS 6 compared to that of the AgGaGeS 4 and it was shown that the major peaks at 372 and 330 cm -1 observed in the IR spectrum were assigned to asymmetric (ν as ) and symmetric (ν s ) stretch vibrations of Ga-S-Ga modes, respectively, in GaS 4 tetrahedaral units. Similar features are observed in the IR spectra of AgGaGeS 4 and Li 2 Ga 2 GeS 6 , but the absorption bands are broader than those of AgGaS 2 , which could be related to the coexistence of GaS 4 and GeS 4 units in the AgGaGeS 4 and Li 2 Ga 2 GeS 6 compounds. The vibrational mode frequencies of GeS 4/2 are expected in the vicinity of those of GaS 4/2 due to the close values of the masses of Ga and Ge metal atoms. The main absorption bands were actually observed to be overlapped in many known compounds containing both GaS 4 and GeS 4 structural units. 24, 25 Hence, the dominant bands located at 372 and 330 cm -1 in the IR spectra of AgGaGeS 4 and Li 2 Ga 2 GeS 6 can be assigned to the overlapped asymmetric (ν as ) and symmetric (ν s ) stretching of Ge-S-Ge and Ga-S-Ga modes, respectively. There are no additional absorption bands observed in the mid-IR region in both cases, which suggests that the transparent range in the mid-IR of Li 2 Ga 2 GeS 6 can be similar to that of AgGaGeS 4 . It is reported that the single crystals of AgGaGeS 4 and AgGaS 2 are transparent up to 12 and 13 µm, respectively, in the mid-IR region. The UV/vis spectra in Figure 4 show that Li 2 Ga 2 GeS 6 , AgGaGeS 4 , and AgGaS 2 are transparent down to ∼0.34, ∼0.42, and ∼0.46 µm, respectively, which are the absorption edges of these compounds. The observed absorption edges of AgGaGeS 4 and AgGaS 2 measured in this experiment are comparable with 0.45 µm 10, 11 for AgGaGeS 4 and 0.50 µm 4, 6 for AgGaS 2 . From these absorption edges, the energy band gap can be estimated to be ∼3.65 eV for Li 2 Ga 2 GeS 6 , ∼2.95 eV for AgGaGeS 4 , and ∼2.69 eV for AgGaS 2 , respectively, which are consistent with the reported energy band gaps of 2.78 eV 8, 10 for AgGaGeS 4 and 2.62 eV 6 for AgGaS 2 . All of these values are listed and compared in Table 4 . Because the energy band gap of optical materials is consistent with the laser damage thresholds, 26 the higher damage threshold will be obtained in the Li 2 Ga 2 GeS 6 phase compared to that of the Ag phases, which is actually observed in the following single-laser shots test.
To investigate the NLO properties of the Li 2 Ga 2 GeS 6 , we performed powder SHG measurements because of the experimental difficulty in growing a suitable size and quality of a single crystal for optical measurement. When the Li 2 Ga 2 GeS 6 was probed by 1.064 µm radiations of the Nd: YAG laser, a strong SHG signal at 0.532 µm was observed, indicating that the incoming 1.064 µm photons are efficiently up-converted to 0.532 µm radiation through the Li 2 Ga 2 GeS 6 . The SHG signal dependence of the particle-size of NLO materials has been shown to be a signature of the phasematching condition in NLO crystals 27, 28 the SHG efficiency increases with the particle size and is saturated at a maximum value in the phase-matching condition. From our measurement, Figure 5 , we see that the SHG signal from the Li 2 We have not observed any degradation in the SHG signal for the Li 2 Ga 2 GeS 6 under prolonged laser irradiations as evidenced by the continued strong production of 0.532 µm light. On the other hand, the SHG efficiency of the AgGaGeS 4 was observed to be ∼20 × I R-SiO 2 2ω at initial laser shots, but it lost about 90% of its SHG efficiency after ∼ 100 laser pulses. The AgGaS 2 immediately decomposed (darkened) after showing very low intensity of SHG (1 × I R-SiO 2 2ω ) and then eventually even this SHG intensity disappeared completely. This quantitative test reveals that the Li 2 Ga 2 GeS 6 was not damaged under our pumping laser system, Nd:YAG 1.064 µm laser with 3 mW power, whereas AgGaGeS 4 and AgGaS 2 are significantly unstable under the same conditions. The specific laser damage thresholds of the AgGaGeS 4 and AgGaS 2 have been reported to be 50 and 25 MW/cm 2 for λ ) 1.064 µm under identical conditions, 8 which agree well with the results of the above quantitative tests. Hence, the Li 2 Ga 2 GeS 6 will have a higher laser damage threshold than the AgGaGeS 4 , which is also supported by the shorter absorption edge observed in UV/visible range in Figure 4 . Because the Li 2 Ga 2 GeS 6 and AgGaGeS 4 have the same framework structure based on the corner sharing of GaS 4 with GeS 4 tetrahedra, the different laser damage threshold could be induced by the chemistry of the different cations, Li and Ag, that are located in the interstitial space. It is generally known that many Ag compounds show photodarkening because of the photo-assisted reduction processes of the Ag + . This is a likely reason why Ag-based NLO materials have noticeably lower laser damage thresholds than what is often required.
Conclusions
We have synthesized the noncentrosymmetric compound Li 2 Ga 2 GeS 6 and determined its structure and its optical transmission range as well as its NLO SHG properties. The Li 2 Ga 2 GeS 6 is phase-matchable with a SHG efficiency of approximately 200 × R-SiO 2 . In addition, its high laser damage threshold makes it very stable under prolonged Nd: YAG 1.064 um laser irradiation. Based on the strong SHG intensity with high laser damage threshold Li 2 Ga 2 GeS 6 can serve as an intracavity frequency doubler in so-called "selffrequency doubling solid state lasers". Because the use of Li 2 Ga 2 GeS 6 in practical applications depends on growing large optical quality single crystals, further studies are planned to grow a single crystals of Li 2 Ga 2 GeS 6 and fully characterize its optical properties.
